Abstract: Reduction of the insulating one-dimensional coordination polymer [Cu(abpy)PF 6 ] n , 1a(PF 6 ), (abpy = 2,2'-azobispyridine) yields the conductive,p orous polymer [Cu-(abpy) Coordination polymers [1] and other classes of metal-containing macromolecules combine the electronic properties of inorganic complexes with macromolecular behavior. Owing to their unique combination of properties,m etallopolymers [2] [3] [4] [5] [6] [7] [8] [9] have elicited significant interest as materials for sensors, [3] [4] [5] microelectronics, [6, 10, 11] energy storage, [7, 8] gas separation, [9] and catalysis. [9, 12] Although there are many examples of redox-active and electrically conductive metallopolymers, [6, [13] [14] [15] [16] [17] few are porous. [12] Whereas porosity in network solids,s uch as three-dimensional metal-organic frameworks,arises from voids in the framework, [1, 9, 18] porosity in 1D coordination polymers depends on how the polymer chains pack in the solid state.Herein, we report amethod to generate porous conductive coordination polymers by reduction of cationic polymers;e xtrusion of counterions provides ameans of generating and tuning the porosity.
Abstract: Reduction of the insulating one-dimensional coordination polymer [Cu(abpy)PF 6 ] n , 1a(PF 6 ), (abpy = 2,2'-azobispyridine) yields the conductive,p orous polymer [Cu-(abpy)] n , 2a. Pressed pellets of neutral 2a exhibit aconductivity of 0.093 Scm À1 at room temperature and aB runauerEmmett-Teller (BET) surface area of 56 m 2 g À1 .Fine powders of 2a have aB ET surface area of 90 m 2 g À1 .C yclic voltammetry shows that the reduction of 1a(PF 6 )t o2a is quasireversible,indicative of facile charge transfer through the bulk material. The BET surface area of the reduced polymer 2 can be controlled by changing the size of the counteranion Xinthe cationic [Cu(abpy)X] n .R eduction of [Cu(abpy)X] n with X = Br (2b)orB Ar F (2c;B Ar F = tetrakis(3,5-bis(trifluoromethyl)-phenyl)), affords [Cu(abpy)] n polymers with surface areas of 60 and 200 m 2 g À1 ,respectively.
Coordination polymers [1] and other classes of metal-containing macromolecules combine the electronic properties of inorganic complexes with macromolecular behavior. Owing to their unique combination of properties,m etallopolymers [2] [3] [4] [5] [6] [7] [8] [9] have elicited significant interest as materials for sensors, [3] [4] [5] microelectronics, [6, 10, 11] energy storage, [7, 8] gas separation, [9] and catalysis. [9, 12] Although there are many examples of redox-active and electrically conductive metallopolymers, [6, [13] [14] [15] [16] [17] few are porous. [12] Whereas porosity in network solids,s uch as three-dimensional metal-organic frameworks,arises from voids in the framework, [1, 9, 18] porosity in 1D coordination polymers depends on how the polymer chains pack in the solid state.Herein, we report amethod to generate porous conductive coordination polymers by reduction of cationic polymers;e xtrusion of counterions provides ameans of generating and tuning the porosity.
Electrochemical or chemical reduction with cobaltocene (Cp 2 Co) of an acetonitrile (MeCN) solution of the blue, insulating,c ationic coordination polymer [Cu(abpy)PF 6 ] n , 1a(PF 6 ), [19] results in the precipitation of ab lack insoluble material (Figure 1 ). Inductively coupled plasma atomic emission spectroscopy (ICP-AES) and combustion analysis of the polymer support assignment of the approximate formula [Cu(abpy)] n for 2a,w ith trace contamination from residual Co and PF 6 (Supporting Information). Analysis of 2a by matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry reveals ions corresponding to short chains of the copper-azobispyridine repeat unit Cu n (abpy) x (Supporting Information, Figure S1 ).
Thereduction of 1a(PF 6 )to2a results in both an increase in porosity and as ignificant increase in conductivity.T he cationic coordination polymer 1a(PF 6 )e xhibits negligible porosity,whereas powders of the reduced neutral polymer 2a exhibit aB runauer-Emmett-Teller (BET) surface area of 90 m 2 g À1 .F our-point-probe conductivity measurements on pressed pellets of 2a yielded conductivities approaching 0.11 Scm À1 at room temperature (Table 1 ). In contrast, pressed pellets of the cationic metallopolymer 1a(PF 6 ) exhibits an upper limit of conductivity of about 10 À10 Scm
À1
(corresponding to instrumental detection limits;S upporting Information, Figure S2 ). polymer 2a results in the re-dissolution of all material and respeciation of all copper species as 1a(PF 6 ). Ther eversible deposition and dissolution can also be performed electrochemically:e lectrochemical reduction of 1a(PF 6 )b yc ontrolled-potential electrolysis at À0.7 Vv s. Ag/AgNO 3 results in the deposition of ab lack film of 2a on the working electrode (Supporting Information, Figure S4 ). When the polarity of the electrochemical cell is reversed, all material deposited on the electrode is dissolved to regenerate the cationic polymer 1(PF 6 ).
Owing to the insolubility of the reduced polymer 2a, attempts to grow crystals suitable for single-crystal X-ray diffraction were unsuccessful. However,m icrocrystalline sheets of 2a could be deposited directly on indium tin oxide (ITO) electrodes in an electrochemical cell containing 1(PF 6 ) by oscillating the potential around the E 1/2 of the 1a(PF 6 )/2a redox couple.T he synchrotron powder X-ray diffraction pattern of 2a displays some long-range order (Supporting Information, Figure S5 ). Scanning electron microscopy (SEM) reveals that 2a forms as slip-stacked sheets on ITO (Supporting Information, Figure S6 ). To provide further information on the structure of 2a,w ep erformed X-ray scattering experiments (beamline 11-ID-B,Advanced Photon Source,Argonne National Laboratory) and analyzed the pair distribution function (PDF) of the total X-ray scattering data. TheP DF of the [Cu(abpy)BF 4 ] n coordination polymer (1BF 4 ) [19] with the BF 4 À anions removed was simulated from the reported crystal structure.T his simulated PDF matched well with the experimental PDF of 2a (Figure 2A ), including the covalent bond lengths in abpy (C À Nand C À Cca. 1.4 ), coordination bond length (NÀCu ca. 2.0 ), and CuÀCu interatomic distance (ca. 4.7 ). Thec orrespondence between the simulated and experimental PDF data indicates that the structural parameters of 2a are similar to those of 1(BF 4 ), [19] even though the oxidation state is different. The peak assigned to the distance between nearest-neighbor copper centers (ca. 4.7 )s uggests that the Cu atoms are bridged by the abpy ligands,c onsistent with the polymeric nature of 2a.W ea lso synthesized and crystallographically characterized Cu(azpy) 2 (azpy = phenylazo-2-pyridine;F igure 2B;Supporting Information, Table S1 ), amolecular analogue of [Cu(abpy)] n .Molecular Cu(azpy) 2 crystallizes in the space group Pna2 1 with two crystallographically independent molecules in the unit cell in adistorted tetrahedral geometry with C À Nb ond distances from 1.35-1.41 and Cu À N distances of 1.9-2.0 (Supporting Information, Table S2 ). ThePDF of Cu(azpy) 2 ,simulated from the crystal structure,is similar to that of 2a but lacks the intense peak at about 4.7 , which supports the assignment of this peak as the CuÀCu interatomic distance in 2a ( Supporting Information, Figure S7) .
Thei nfrared (IR) spectrum of 1a(PF 6 )e xhibits peaks at 818 cm À1 and 554 cm À1 ,c orresponding to PF 6 À stretches (Supporting Information, Figure S8 ). These peaks are absent in the IR spectrum of 2a,i ndicating the departure of PF 6 À anions to maintain charge balance upon chemical reduction. Additionally,abroad absorbance centered at about 2500 cm À1 appears in the IR spectrum of 2a;t his feature is absent in the IR spectrum of 1a(PF 6 )( Figure 2C) . Analysis of the absorbance of 2a in the UV/Vis-NIR region by diffuse-reflectance spectroscopy ( Figure 2D )a lso reveals al ow lying electronic excitation in the region of about 5000 cm À1 (limited by the instrumental detection range; Figure 2D )t hat is absent in the spectrum of 1a(PF 6 ). Based on the observation of as imilar band in the mixed-valence molecule Cu(abpy) 2 (which was transiently generated in an electrochemical cell), [20] this dominant low-energy band in 2a is assigned as an intervalence charge transfer (IVCT) band. Maity et al. describe the mixed-valencyi nt he molecular Cu(abpy) 2 as aR obin-Day [21] Class III system with Cu I -(abpy 0.5À ) 2 ,w here one electron is delocalized over the two abpy ligands. [20] An IVCT band is as ignature of mixedvalence, [22] and we therefore expect substantial electronic communication between the redox-active abpy ligands and the Cu centers in 2a.T he UV/Vis-NIR spectrum of 1a(PF 6 ) has an intense band centered around 9100 cm À1 and ab and around 26 000 cm À1 ( Figure 2D ). Analogous bands had been observed for the cationic [Cu(abpy) 2 ][PF 6 ]molecule and were assigned to am etal-to-ligand charge transfer (MLCT) transition and a p-p*t ransition, respectively. [20] These bands diminish upon reduction, consistent with electrons being added to the azo N=N p*o rbital. [20] Thes olid-state electron paramagnetic resonance (EPR) spectrum of 2ais also indicative of considerable ligand radical character.The spectrum features abroad peak with a g value of 2.08 ( Figure 3A ;S upporting Information, Figure S9 ), Figure 2 . A) Simulated X-ray pair distribution function( PDF) of the previously reported 1(BF 4 ) [10] without BF 4 À using Q max = 23.7 À1 (red) and the experimental PDF of 2a (blue) with Q max = 23.7
À1 .B )Single-crystal X-ray structure of Cu(azpy) 2 (azpy = phenylazo-2-pyridine),amolecular analogue of 2a. [29] Cu orange, Nblue, Cgray.Hatoms omitted for clarity.C )Mid-IR spectra of 1a(PF 6 )( blue) and 2a (green). D) Normalized diffuse reflectance UV/Vis-NIR spectra of 1(PF 6 )(blue) and 2a (green).
consistent with al igand-based radical with some delocalization over the metal. Aligand-based reduction would formally correspond to apolymer comprised of copper(I) centers,with azobispyridine radical mono-anions providing charge balance.L igand-centered reduction of azopyridine ligands has precedent. [20, 23, 24] However,the g value of 2a is slightly shifted from the free-electron g value (g = 2.002) expected for organic radicals,indicating that the unpaired electron resides in am olecular orbital with some Cu character. [20, 25] Electrochemical analysis of 1a(PF 6 )/2a was accomplished by electrodeposition of the polymer as at hin film on the surface of ag lassy carbon (GC) working electrode from an electrolyte solution of 1mm 1a(PF 6 )i n0 .1m tetrabutylammonium hexafluorophosphate (TBAPF 6 )i nM eCN.C yclic voltammograms (CVs) of the film reveal abroad redox event assigned to the oxidation and reduction of each repeat unit, with an E 1/2 of À0.82 Vvs. Ag/AgNO 3 ( Figure 3B ). Thebroad peak width is most likely due to overlapping redox processes as each monomer unit of the chain is reduced.
Ther eported crystal structure of [Cu(abpy)BF 4 ] n 1(BF 4 ) reveals that the BF 4 À counteranions occupy channels in between polymer chains. [19] Thei ncrease in porosity upon reduction of 1a(PF 6 )t o2a ( Figure 4A )s uggests that the porosity arises from the loss of PF 6 À anions upon chemical reduction and that the resulting metallopolymer chains undergo limited structural relaxation. Voids created by inefficient packing of polymer chains in the solid state may also contribute to the observed porosity.Indeed, apore-sizedistribution analysis shows avariation ranging from micro-to mesopores (Supporting Information, Figure S10 ). This hypothesis raised the intriguing possibility that the porosity of these reduced [Cu(abpy)] n coordination polymers might be tuned simply by choice of the appropriate counterion in the cationic [Cu(abpy)X] n precursor.T ot est that the porosity of the [Cu(abpy)] n polymers was associated with the loss of the counterion upon reduction of 1(X), and to modulate the porosity of the [Cu(abpy)] n polymers,w e chemically reduced two other compounds of the form [Cu- Figure 4A ).
Polymers 2a and 2b are microporous and show ac ombination of Ty pe Ia nd II isotherms,a ccording to the IUPAC classification. [26] We observe afilling of micropores in the lowpressure region, followed by continuous uptake at higherpressures,c orresponding to the filling of larger pores and possibly the voids between particles (Figures 4A). [27] In contrast, 2c possesses aT ype IV isotherm shape and hysteresis loop,i ndicating that the bulky BAr FÀ anions induce mesoporosity in the material ( Supporting Information, Figure S11) . [26] To probe the transport properties of these materials,w e performed four-point-probe conductivity measurements on pellets pressed at two different pressures (Table 1) with electrodes placed in the van der Pauw configuration. [28] Upon reduction of 1a(PF 6 )t o2a,t he room-temperature conductivity increased by nine orders of magnitude (Supporting Information, Table S2 ). Thec onductivity of pellets of 2 (pressed at 22 kN) is 0.11 Scm À1 at room temperature and increases to 0.45 Scm À1 at 118 8 8C( Figure 4B ). Thet emperature dependence of the conductivity indicates at hermally activated conduction process with an Arrhenius energy (E a ) of 150 meV (Supporting Information, Figure S18 ). Based on reports of other conductive coordination polymers and transport in class II mixed-valence systems,t he mechanism of conduction is likely nearest-neighbor hopping. [13] Pellets of 2a, 2b,and 2c pressed under two different conditions are all electrically conductive (Table 1) with conductivities in the range of 1.7 10 À2 to 0.11 Scm À1 (Table 1 ; Supporting Information, Figures S12-S22 , Table S5 ). While the surface areas of the pressed pellets of 2 are lower than those of the powders isolated upon reduction of 1(X) (Table 1), the trends in porosity (2b< 2a< 2c)a re retained. Moreover,t he magnitude of the conductivities of the pressed pellets do not show astrong correlation with the porosities of the pressed pellets ( Table 1 ), implicating that the factors which contribute to the conductivity are decoupled from those which contribute to the porosity.
In conclusion, we show an ew method for generating conductive porous coordination polymers by sculpting pores in polymers through templating effects by anions that leave the framework upon reduction. When redox-active ligands are coupled to such polymers,this yields ageneral method for simultaneously increasing both conductivity and porosity in as ingle 1D coordination polymer.W hile the properties of coordination polymer chains have previously been shown to be sensitive to their redox state, [17] the ability to simultaneously convert anonporous insulator to aporous conductor is unusual.
